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How adherens junctions (AJs) are formed upon cell
division is largely unexplored. Here, we found that
AJ formation is coordinated with cytokinesis and
relies on an interplay between the dividing cell and
its neighbors. During contraction of the cytokinetic
ring, the neighboring cells locally accumulate Myosin
II and produce the cortical tension necessary to set
the initial geometry of the daughter cell interface.
However, the neighboring cell membranes impede
AJ formation. Uponmidbody formation and concom-
itantly to neighboring cell withdrawal, Arp2/3-depen-
dent actin polymerization oriented by the midbody
maintains AJ geometry and regulates AJ final length
and the epithelial cell arrangement upon division. We
propose that cytokinesis in epithelia is a multicellular
process, whereby the cooperative actions of the
dividing cell and its neighbors define a two-tiered
mechanism that spatially and temporally controls
AJ formation while maintaining tissue cohesiveness.
INTRODUCTION
Adherens junctions (AJs) maintain epithelial tissue polarity,
cohesiveness, and architecture. Cadherins such as E-Cadherin
(E-Cad) are core AJ components that mediate intercellular adhe-
sion and AJ formation and stability. De novo E-Cad junction
formation supports epithelial tissue growth, morphogenesis,
and homeostasis (Harris and Tepass, 2010; Lecuit et al., 2011;
Takeichi, 2011). In particular, in epithelial tissues, each cell divi-
sion is found to be associated with the formation of a de novo
E-Cad adhesive contact between the daughter cells (Baena-
Lo´pez et al., 2005; Gibson et al., 2006; Farhadifar et al., 2007;
Aigouy et al., 2010). De novo AJ formation upon cell division
thus has a major contribution in adhesive contact formation
during development. Furthermore, the arrangement of the
daughter cells and the geometry of their adhesive contact is
important for fundamental aspects of epithelial tissue develop-
ment, such as tissue packing and morphogenesis, planar polar-
ization, compactness of somatic clones, and correct signaling
between daughter cells (Knox and Brown, 2002; Baena-Lo´pez
et al., 2005; Bo¨kel et al., 2006; Gibson et al., 2006; Farhadifar
et al., 2007; Aigouy et al., 2010). This highlights the importance256 Developmental Cell 24, 256–270, February 11, 2013 ª2013 Elsevof the regulation of de novo AJ formation and geometry upon
cell division for the development and homeostasis of epithelial
tissues.
The mechanisms coupling de novo AJ formation and the
control of AJ geometry have been studied in vitro and in the
absence of cell division. These studies uncovered howAJ forma-
tion is associated with the formation of E-Cad homophilic adhe-
sive clusters that are proposed to trigger the activation of several
small GTPases and the recruitment of diverse actin-myosin
regulators promoting the expansion and subsequent stabiliza-
tion of the new contact (for review, see Harris and Tepass,
2010). In particular, junction expansion is associated with the
activation of the small GTPase Rac, which promotes the length-
ening of the initial cell-cell contact by stimulating cell protrusions
via the branched actin nucleator Arp2/3 (Nakagawa et al., 2001;
Noren et al., 2001; Betson et al., 2002; Verma et al., 2004; Yama-
zaki et al., 2007; Yamada and Nelson, 2007; Perez et al., 2008).
Depending on the cell type, junction expansion is either inhibited
or promoted by Rho-kinase (Rok)-dependent Myosin II (MyoII)
activity (Vaezi et al., 2002; Yamada and Nelson, 2007). In sharp
contrast, very little is known about de novo AJ formation during
cell division, both in vitro and in developing tissues. So far, fixed
and live tissue imaging have suggested that de novo AJs are
formed shortly after cytokinesis (Baena-Lo´pez et al., 2005;
Gibson et al., 2006; Rajan et al., 2009; Reinsch and Karsenti,
1994; Knox and Brown, 2002). However, neither the dynamics
of AJ formation nor the mechanisms controlling their formation
and geometry have been comprehensively analyzed during
cytokinesis.
Cytokinesis is initiated by the formation of an actin-myosin
contractile ring at the cell division plane. Actin dynamics and
MyoII contractility produce the contractile tension needed for
ring contraction. The ring contraction leads to the ingression of
the cell membrane, which progressively closes the cytoplasmic
connection between the daughter cells until a narrow intercel-
lular bridge is formed and stabilized by the midbody. The mech-
anisms regulating both actin assembly and MyoII activity at the
cytokinetic ring have been extensively studied in individual cells
(for review Fededa and Gerlich, 2012) and are often required in
epithelial tissues (White and Glotzer, 2012). However, two major
differences exist in epithelia. First, asymmetric furrowing is
a prevalent phenomenon whereby the contractile ring cuts
across the division plane unilaterally, from basal to apical, rather
than with circumferential symmetry, leading to the apical posi-
tioning of the midbody (Jinguji and Ishikawa, 1992; Reinsch
and Karsenti, 1994; Rappaport, 1996; Kojima et al., 2001;ier Inc.
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asymmetric furrowing have been explored in the Caenorhabditis
elegans zygote and shown to depend on asymmetric MyoII
distribution (Maddox et al., 2007). The second difference relates
to the adhesion and the mechanical coupling between the
dividing cell and its surrounding neighboring cells (Papusheva
and Heisenberg, 2010). So far, cytokinesis is viewed as a cell
autonomous process, whereby the mechanical force associated
with the actin-myosin ring constricts the cytoplasm of the
dividing cell. Yet, the consequences of cell-cell adhesion and
of the mechanical coupling between the dividing cell and its
neighbors have not been analyzed during cytokinesis.
Here, we analyze de novo AJ formation upon cell division in
the Drosophila dorsal thorax pupal epithelium. During its devel-
opment, this monolayered epithelium harbors classical E-Cad
and cortical actin-myosin apical belts and undergoes an intense
wave of proliferation (Langevin et al., 2005; Georgiou et al.,
2008; Leibfried et al., 2008; Bosveld et al., 2012). It thus offers
the possibility to understand the mechanisms of de novo AJ
formation upon cell division by performing in vivo live imaging
within a whole organism (Bosveld et al., 2012). Using this model,
we identified a two-tiered mechanism of AJ formation, whereby
unexpected functions of MyoII and Arp2/3 during cytokinesis
are segregated in the dividing cell and its neighbors and
sequentially regulate de novo AJ formation upon cell division.
RESULTS
Dynamics of Cytokinesis in Dorsal Thorax Epithelial
Cells
To understand how a de novo AJ forms between the daughter
cells upon cytokinesis, we first characterized cytokinesis in
dorsal thorax epithelial cells. We imaged MyoII regulatory light
chain (Spaghetti Squash, Sqh) fused to GFP (MyoII:GFP) and
Histone 2B fused to mRFP (His2B:mRFP) during division to
follow the assembly and dynamics of the contractile ring and
the midbody (Figure 1A; His2B:mRFP shown in Movie S1 avail-
able online). For the following movies (unless stated otherwise),
time was assigned to the frame preceding the first visible defor-
mation of the cell cortex, which marks the beginning of cytoki-
nesis. By analyzing MyoII:GFP dynamics along both the apical
planar axis (Figure 1A, top view) and the apical-basal axis (Fig-
ure 1A, front view) of the cells, we found that cytokinesis can
be decomposed into distinct phases.
Shortly after anaphase onset (Figure 1A, t = 140 s),
MyoII:GFP accumulates at the equatorial division plane, forming
the contractile ring (Figure 1A, t = 0, open arrowhead), which
starts to constrict and deform the cell cortex (Figure 1A, top
view, t = 35 s and t = 105 s, arrows). In a first phase, thereafter
referred to as ‘‘asymmetric phase’’ (from t = 0 to t = 127 ±
38 s, n = 10), the contractile ring is highly asymmetric in terms
of MyoII:GFP distribution, with MyoII:GFP being mostly enriched
in the basal-lateral domain of the ring (Figure 1A, front view, from
t = 0 to t = 105 s, and 1B). This is associated with a higher
constriction rate in this domain (Figures 1B’ and 1B’’) and with
furrowing occurring asymmetrically, in a basal to apical direction.
This leads to the apical positioning of the contractile ring (Fig-
ure 1A, front view, t = 105 s, arrow). During this first phase,
MyoII:GFP gets progressively enriched in the apical domain ofDevelopmthe ring (Figures 1A and 1B). In a second phase, thereafter
referred to as ‘‘symmetric phase’’ (from 127 ± 38 s to 404 ±
53 s, n = 10), MyoII:GFP is homogeneously distributed in the
contractile ring and furrowing proceeds symmetrically, at a lower
constriction rate (Figures 1B–1B’’). This leads to the formation of
the midbody at the apical domain of the dividing cell (Figure 1A,
front view, t = 385 s, arrow). Along the apical planar axis, the
contractile ring seems to detach from the apical MyoII cortical
belt (Figure 1A, t = 210 s, arrowheads) and the midbody forms
around the center of the apex of the dividing cell (Figure 1A,
top view, t = 385 s, arrow). Finally, in a last phase, the midbody
moves to a more basal position (Figure 1A, front view, t =
770 s, arrow) and MyoII:GFP becomes enriched along the inter-
face between the daughter cells (Figure 1A, t = 770 s, brackets).
We conclude that furrow ingression proceeds with an initial
asymmetric phase and a subsequent symmetric one, leading
to the apical positioning of the midbody.
Dynamics of AJ Formation between the Daughter Cells
during Cytokinesis
We then investigated both the dynamics of themembrane and of
E-Cad during cytokinesis. To this end, we imaged a functional
E-Cad fused to GFP (E-Cad:GFP) together with MyoII:CherryFP
(MyoII:ChFP) (Movie S2), as well as E-Cad:GFP together with the
PH domain of PLCg fused to CherryFP (PH:ChFP), to label the
plasma membrane.
During the asymmetric phase of cytokinesis, the E-Cad belt of
the dividing cell remains intact (Figure 1C, from t = 0 to t = 60 s
and 1D from t = 0 to t = 102 s). As the cytokinetic ring constricts,
the cell diameter shortens along the division axis (Figure 1C, t =
60 s, white arrows, 1D, t = 102 s, arrows, 1E and 1G). In the
symmetric phase of cytokinesis, we observe the ingression of
the dividing cell membrane (Figure 1C, white arrowheads), on
which a faint E-Cad:GFP signal is present (Figure 1C, yellow
arrows). At this stage, an important space is observed between
the two portions of the folded ingressing membrane, on both
sides of the furrow (Figure 1C, brackets). Then, the two portions
of the folded ingressing membrane are brought close together,
resulting in the juxtaposition of the dividing cell membrane
(Figure 1C, from t = 120 s to t = 190 s, insets, brackets and
dots). Such juxtaposition is associated with the formation of
a long interface between the daughter cells (Figure 1C, t = 190
s, white bracket), where E-Cad:GFP is progressively enriched
(Figure 1F). When cytokinetic ring closure is completed and
the midbody forms, the juxtaposed membranes of the dividing
cell appear in closer contact, until they become indistinguish-
able (Figure 1C, t = 550 s). At this time, punctate E-Cad:GFP
structures appear along the daughter cell interface (Figures
1C–1E, yellow arrowheads). Such punctate structures are rather
stable and static along the interface (Figure 1E, arrowhead).
Stable and static E-Cad clusters have been characterized as
bona fide markers of E-Cad intercellular homophilic engage-
ment in Drosophila (Cavey et al., 2008). Finally, in the last phase
of cytokinesis and upon midbody basal movement, E-Cad:GFP
levels reach a plateau (Figure 1F) and the length of the AJ
decreases to finally become stable (Figures 1E and 1G). At
this stage, both the E-Cad:GFP and MyoII:ChFP signals at the
new junction become identical to the ones of the surrounding
AJs (Figures 1D and 1F).ental Cell 24, 256–270, February 11, 2013 ª2013 Elsevier Inc. 257
(legend on next page)
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a long AJ between the daughter cells begins during the
symmetric phase of cytokinesis and proceeds upon midbody
formation: (1) as the cytokinetic ring constricts symmetrically,
the ingression and the juxtaposition of the dividing cell
membrane occur, leading to the formation of a long interface
between the daughter cells; (2) as the midbody forms, E-Cad
stable clusters appear along the interface, suggesting that
daughter cell adhesion initiates at this stage. Our data further
suggest that the formation of a long membrane interface
between the daughter cells precedes AJ formation.
Neighboring Cells Are Required during Cytokinesis for
the Formation of a Long AJ between the Daughter Cells
To decipher how the geometry and formation of the new AJ were
regulated, we first aimed at understanding the mechanisms
driving the juxtaposition of the dividing cell ingressingmembrane.
Asepithelial cellsaremechanicallycoupled in the tissue,we inves-
tigatedwhether neighboring cells could influence the geometry of
the new AJ between the daughter cells. We performed circular
laser ablation around the dividing cell to impede the mechanical
contribution of the neighboring cells (Figure 2A). Such ablation
did not prevent the dividing cell from undergoing cytokinesis.
Circular ablation was associated with the formation of a much
smaller interface between the daughter cells (Figure 2A, arrow).
This indicates that the integrity of the neighboring cells is required
for a long interface to be formed. Importantly, upon laser ablation,
the area of the apex of the dividing cell decreased, showing that
the dividing cell is under tension and not under compression (Fig-
ure 2A; Movie S3). This argues against the possibility that a long
interface is formed because the surrounding cells push the two
daughter cells against each other to promote their adhesion.
This supports the existence of an active mechanical contribution
of neighboring cells, promoting the formation of a long interface
between the daughter cells. Finally, circular ablation at one cell
layer away from the dividing cell did not affect the geometry of
the daughter cell interface (Figure 2B). This strengthens the notionFigure 1. MyoII, E-Cad, and Membrane Dynamics during Epithelial Cyt
(A) Time-lapse images of a MyoII:GFP and H2B:mRFP (not shown) expressing div
corresponds to cytokinesis onset. Top view apical: confocal section at the level
formation. Arrows at t = 35 s and t = 105 s: deformation of the dividing cell at the
cortical MyoII:GFP belt. Arrow at t = 385 s: midbody. Bracket: MyoII:GFP enrichme
of the cell, at the plane of the contractile ring (left schematics). Arrows: contracti
apical cortical MyoII:GFP belt. Bracket: MyoII:GFP enrichment at the daughter
asymmetric phase and the symmetric phase of cytokinesis, as defined in the ma
(B–B00) Schematics of the regions of the contractile ring used to quantify the apical
(SD), n = 10) (B), ring lengths (average ± SD, n = 10) (B0) and constriction rates (av
phase (light gray) and the symmetric phase (dark gray) of cytokinesis.
(C) Apical top view of a dividing cell (asterisk) expressing E-Cad:GFP and PH:C
membrane furrow. Yellow arrows: faint E-Cad:GFP signal at the furrow. Open yello
Yellow brackets: space in between the two portions of furrow. Yellow dots: mem
Yellow arrowheads: punctate E-Cad:GFP structures. Symmetric phase, asymme
(D) Apical top view of a dividing cell (asterisk) expressing E-Cad:GFP and MyoII:
arrowheads: local disruption of the E-Cad:GFP belt. Arrowheads: E-Cad:GFP pun
E. Symmetric phase, asymmetric phase and MF depicted as in A. See also Mov
(E) Kymograph of the cell shown in D. Left schematic: region used for the genera
phase; SP: Symmetric phase; MF: Midbody formation.
(F andG) Quantification of themean E-Cad:GFP intensity along the prospective in
n = 32) and the interface length (average, solid line ± SD, shaded domain, n = 32
Scale bars, 5 mm.
Developmthat the coupling between the dividing cell and its adjacent neigh-
bors is important for the geometry of the daughter cell interface.
Juxtaposition of the Dividing Cell Membrane Is
Associated with MyoII Accumulation in Neighboring
Cells
To explore this notion, we analyzed the behavior of neighboring
cells during division by examining the dynamics of the
membrane and of MyoII, which ensures the mechanical link
between epithelial cells (Papusheva and Heisenberg, 2010;
Movie S4). Strikingly, we observed that prior to (t = 175 s) and
during (t = 238 s) membrane juxtaposition, accumulations of
MyoII:ChFP appear at the edges of the furrow, in regions that
seem to correspond to the neighboring cells (Figure 2C, arrow-
heads). By monitoring two fluorescently tagged versions of
MyoII—one red and one green—in adjacent cell patches (Fig-
ure 2D; Movie S5; hereafter referred to as MyoII:GFP//MyoII:
ChFP patches), we were able to distinguish the MyoII:ChFP
pool of the dividing cell and the MyoII:GFP pool of the neigh-
boring cell. This approach revealed that the MyoII accumulation
indeed takes place in the neighboring cells (Figure 2D, arrow-
heads). Furthermore, this accumulation occurs during the
constriction of the contractile ring and exclusively in the region
adjacent to the furrow (Figure 2D arrowheads and kymograph),
suggesting that it could be triggered as a response to the
constriction of the dividing cell. Accordingly, ablation of the
contractile ring before constriction prevented MyoII from accu-
mulating in the neighboring cells (n = 14, Figure S1). These
results show that MyoII accumulates in the neighboring cells at
the time of dividing cell membrane juxtaposition and strongly
indicate that it occurs as a response to the mechanical constric-
tion of the dividing cell.
Nonautonomous Roles of MyoII and Rho-Kinase Control
the Length of the Dividing Cell Interface
To investigate whether MyoII in the neighboring cells provides
the mechanical tension needed to juxtapose the ingressingokinesis
iding cell (asterisk). Time t = 140 s corresponds to anaphase onset and t = 0
of the apical adhesion belt (left schematics). Open arrowhead: contractile ring
division plane. Arrowheads: detachment of the contractile ring from the apical
nt at the daughter cell interface. Front view: section along the apical-basal axis
le ring and midbody. Arrowheads: detachment of the contractile ring from the
cell interface. Gray regions on top indicate the panels corresponding to the
in text. MF: midbody formation. See also Movie S1.
(blue) and basal (red) meanMyoII:GFP intensities (average ± standard deviation
erage ± SD, n = 10, see Experimental Procedures) (B00) during the asymmetric
hFP. White arrows: cell deformation at the division plane. White arrowheads:
w arrowhead: local disruption of the E-Cad:GFP belt at the edges of the furrow.
brane juxtaposition. White bracket: long interface between the daughter cells.
tric phase, and MF depicted as in (A).
ChFP. Arrows: deformation of the E-Cad:GFP belt at the division plane. Open
ctate structures. Yellow dotted box: region used to generate the kymograph in
ie S2.
tion of the kymograph. Arrowhead: static E-Cad:GFP cluster. AP: Asymmetric
terface between the daughter cells (F) (average, solid line ± SD, shaded domain,
) during cytokinesis.
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Figure 2. MyoII Accumulates in the Neighboring Cells during the Juxtaposition of the Dividing Cell Membrane
(A) Apical top view of a tissue expressing E-Cad:GFP and MyoII:ChFP. T = 0: time of laser ablation. Yellow shaded domain: ablated region. Asterisk: dividing cell.
Arrow: daughter cell interface after division. See also Movie S3.
(B) Apical top view of a tissue expressing E-Cad:GFP andMyoII:ChFP. T = 0: time of laser ablation. Yellow shaded domain: ablated region. Asterisk: dividing cell.
n: neighboring cells. Arrowheads: MyoII:ChFP accumulation in neighboring cells. Arrow: daughter cell interface after division.
(legend continued on next page)
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approaches. First, we performed temporally and spatially
resolved laser ablation targeting the region corresponding to
the MyoII:ChFP accumulation in the neighboring cells, in a tissue
expressing PH:GFP andMyoII:ChFP (Figure 3A; Movie S6). Laser
ablation is used to disrupt the cortical tension exerted by the
actin-myosin cytoskeleton (for review see Rauzi and Lenne,
2011). This technique allowed us to infer the orientation of the
tension exerted by the neighboring cortical tension on the dividing
cell by analyzing the direction of membrane recoil after ablation.
The ablation was performed in one of the neighboring cells,
shortly after membrane juxtaposition had occurred (Figure 3A).
Upon the ablation, the two portions of the juxtaposed membrane
rapidly moved away from each other, as the angle between them
widened (Figure 3A, t = 51.2 s, bracket). This shows that (1) neigh-
boring cells indeed exert tension on the dividing cell membrane,
and (2) this tension is required to maintain membrane
juxtaposition. Interestingly, the local ablation was followed by
MyoII reaccumulation around the site of ablation (Figure 3A,
arrowheads). As this reaccumulation occurred, the parts of the
dividing cell membrane that had moved away from each other
upon the ablation became again juxtaposed and a long interface
was created between the daughter cells (Figure 3A, from t =
179.2 s to t = 627.2 s). These results were confirmed by perform-
ing a similar experiment in a tissuewhere the AJs were labeled by
E-Cad:GFP (Figure S2A). These results indicate that cortical
tension at the site of MyoII accumulation in the neighboring cells
is both sufficient to exert a pulling force on the dividing cell
membrane and necessary to maintain its juxtaposition.
In a second approach, we genetically abrogated MyoII func-
tion in neighboring cells. We generated patches of cells mutant
for the myosin II regulatory light chain gene (sqh) and analyzed
how a wild-type (WT) dividing cell undergoes cytokinesis while
(1) one of its neighbors at the edge of the furrow is devoid of My-
oII activity (sqh side) and (2) a WT neighbor on the opposite side
serves as an internal control (WT side). During the division of
a WT cell at the boundary of the sqh clone, the WT side and
the sqh side showed a very distinct behavior. While in the WT
side the membrane was rapidly juxtaposed and a flat angle
was formed at the edge of the interface (Figure 3B, t = 160 s,
dot and 3J), in the sqh side the juxtaposition failed and the
edge remained opened, leading to the formation of a small angle
(Figure 3A, t = 160 s, bracket and 3J). Quantification of AJ length
and of the angles formed at the edges of the interface showed
that the presence of a sqh mutant neighbor affects the interface
geometry (Figures 3D–3F, 3J, and 3L). The length of the interface
and the angles were strongly affected during the symmetric
phase of cytokinesis, leading to the formation of abnormally
short interfaces and small angles at the time of midbody forma-
tion (Figures 3D, 3E, and 3J, plength < 23 10
4; pangle < 63 10
5).
These results are fully consistent with the timing of MyoII accu-
mulation in the neighboring cells. At later time points, a partial(C) Apical top view of a dividing cell (asterisk) expressing MyoII:ChFP and PH:G
MyoII:ChFP accumulation adjacent to the furrow. Compare the furrow at t = 175
(D) Apical top view of a MyoII:ChFP//MyoII:GFP patch during the cytokinesis of
generated from the dotted yellow box is shown on the right. The dividing cell is on
Arrowheads: MyoII:GFP accumulation in the neighboring cell. See also Movie S5
Scale bars, 5 mm. See also Figure S1.
Developmrescue of the AJ length is observed (Figure 3D), even though
the AJs formed remain significantly shorter than the WT ones
(Figure 3F, p < 0.03). The implication that MyoII accumulation
and/or activity is required to juxtapose the dividing cell
membrane was further supported by analogous experiments
using cell clones mutant for rho-kinase (rok), a known regulator
of MyoII activity, in which MyoII failed to accumulate in the rok
mutant neighboring cells (Figure 3C, open arrowheads), and
a similar junctional phenotype resulted (Figures 3G, 3H, p <
3 3104, 3I, p < 0.02 and 3K, p < 3 3 103).
Together, our results show that Rok-dependent MyoII activity
in the neighboring cells is necessary for the juxtaposition of the
dividing cell membrane, thereby controlling the initial geometry
of the interface between the prospective daughter cells.
Inhibition of AJ Formation by Neighboring Cell
Membranes
We next considered whether persistent adhesion between the
dividing cell and its neighbors could cause the dividing and
neighboring cell membranes to coingress, creating a topological
obstacle to AJ formation between the daughter cells. Generating
PH:GFP//PH:ChFP patches to distinguish the membranes of the
dividing cell and of its neighbors (Figures 4A and 4B; Movie S7A)
revealed that, during furrow ingression, the membranes of the
neighboring cells ingress as well (Figure 4B, t = 192 s bracket)
and remain in place even after the juxtaposition of the dividing
cell membrane (Figure 4B, t = 192 s, dot). Then, the apical neigh-
boring cell membranes slowly withdraw from the space in
between the daughter cells, from the center to the edges of the
interface (Figure 4B, compare brackets at t = 192 s and t =
384 s), while the membranes of the future daughter cells contact
each other (Figure 4B, arrows). This suggests that AJ formation
between the daughter cells would require the withdrawal of the
neighboring cells from the interface, which occurs following mid-
body formation.
Withdrawal of the Neighboring Cell Membranes Is
Concomitant to a Wave of Actin Polymerization
Since membrane dynamics is shown to depend upon actin
dynamics (Insall and Machesky, 2009), we explored actin
dynamics during cytokinesis, using an F-actin probe consisting
of the Utrophin F-actin binding domain fused to GFP (Utr:GFP)
(Movie S8). Uponmidbody formation, a transient pool of Utr:GFP
forms adjacent to the daughter cell interface (Figure 4C, t = 405 s,
arrowheads) and progressively accumulates at the interface
between the two daughter cells and more prominently around
the midbody (Figure 4C, t = 567 s and t = 891 s, arrows and
4D, n > 50). The dynamics of Utr:GFP is indicative of the occur-
rence of a wave of actin polymerization near the daughter cell
interface during midbody formation. Importantly, this actin accu-
mulation appears after cytokinetic ring formation and contrac-
tion (Figure S3A). Kymograph of Utr:GFP dynamics orthogonalFP. Brackets: space in between the two portions of the furrow. Arrowheads:
s and at t = 238 s to observe membrane juxtapostion. See also Movie S4.
MyoII:ChFP dividing cell (d) (n = 17 patches). The corresponding kymograph
ly labeled by MyoII:ChFP and its neighbor (n) on the bottom only by MyoII:GFP.
.
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Figure 3. MyoII and Rok Are Required in the
Neighboring Cells to Control the Length of
the New AJ
(A) Apical top view of a MyoII:ChFP and PH:GFP
expressing tissue. T = 0: time of laser ablation.
Yellow dotted circle: ablated region. Bracket:
separation of the juxtaposed portions of the
furrow upon laser ablation (13 of the 16 performed
ablations). Arrowheads: reaccumulation of
MyoII:ChFP in the ablated cell and reapposi-
tion of the dividing cell membrane. See also
Movie S6.
(B) Apical top view of a PH:GFP expressing tissue
where a WT dividing cell (t = 0, d) has a WT
neighbor on one side (WT) and a sqhAX3 neighbor
on the other (sqh, dashed yellow outline). sqhAX3
cells were identified by loss of nls:mRFP (not
shown). Dot: membrane juxtaposition at the WT
side. Bracket: absence of membrane juxtaposition
at the sqh side.
(C) Apical top viewof a E-Cad:GFP andMyoII:ChFP
expressing tissue where a WT dividing cell (d) has
aWTneighbor on one side (WT) and a rok2 neighbor
on the other (rok, dashed yellow outline). rok2 cells
were identified by loss of nls:GFP. Arrowheads:
MyoII:ChFP accumulation at the WT side. Open
arrowheads: absence of MyoII:ChFP accumulation
at the rok side (12 of the 15 rok2 neighboring cells
analyzed). Dot: a flat angle is formed at the edge of
the interface at the WT side. Bracket: the angle
remains open at the rok side.
(D) Plot of the quantification of the interface length
between the prospective daughter cells during
cytokinesis in WT dividing cells having WT
neighbors (average, blue solid line, ± SD, shaded
domain, n = 32) and in WT dividing cells having
a sqhAX3 neighbor (average, red solid line, ± SD,
shaded domain, n = 15).
(E and F) Histograms of the distributions of the
interface length at midbody formation (E) and of
the final AJ length between the daughter cells
after division (F) in WT dividing cells with WT
neighbors (blue, average ± SD, n = 32), and in
WT dividing cells with a sqhAX3 neighbor (red,
average ± SD, n = 15). The distributions of WT
versus sqhAX3 neighbors are statistically different
(p < 2 3 104 for E and p < 0.03 for F).
(G) Same as (D), but showing in red WT dividing
cells having a rok2 mutant neighbor (n = 17).
(H and I) Same as (E and F) but showing in red WT
dividing cells having a rok2 neighbor (n = 17). The
interface length distributions of WT versus rok2
neighbors are statistically different (p < 3 3 104
for H and p < 0.022 for I).
(J and K) Plots of the quantification of the angles at the edges of the prospective interface between the daughter cells during division (see scheme in L), in WT
dividing cells facing a WT neighbor (J and K, average, blue solid line, ± SD, shaded domain, n = 10), facing a sqhAX3 neighbor (J, average, red solid line, ± SD,
shaded domain, n = 8) or facing a rok2 neighbor (K, average, red solid line, ± SD, shaded domain, n = 11). At midbody formation, theWT versus sqh angles as well
as the WT versus rok angles are significantly different (p < 6 3 105 and p < 3 3 103, respectively).
(L) Schematics of the measured interface lengths and angles.
Scale bars, 5 mm. See also Figure S2.
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quantification along the interface (Figure S3B) showed that the
wave of actin polymerization accumulates around the midbody
and the daughter cell interface (Figures 4E, brackets, and
S3B).Generating patchesof cells expressingPH:ChFP in a tissue
ubiquitously expressing Utr:GFP (Figures 4F and 4G;Movie S7B)262 Developmental Cell 24, 256–270, February 11, 2013 ª2013 Elsevrevealed that Utr:GFP accumulates at the daughter cell interface
and the midbody while the neighboring membranes withdraw
(Figure 4G, brackets and arrow). Together, our results show
that midbody formation is associated with actin polymeriza-
tion and accumulation at the midbody and the daughter cell
interface. Furthermore, this accumulation occurs while theier Inc.
Figure 4. Withdrawal of the Neighboring Cell
Membranes Is Associated with Actin Accu-
mulation around the Midbody and the
Daughter Cell Interface
(A and B) Apical top view of a PH:ChFP//PH:GFP
patch (n = 15 patches) during cytokinesis of
a PH:GFP dividing cell (d) (A) and the corresponding
kymograph (B), generated from the yellow boxed
region in A. The dividing cell expresses only
PH:GFP, while its neighbors (n) express PH:ChFP.
Brackets: neighboring cell membrane. Dot:
membrane juxtaposition. Arrows: daughter cell
membranes become indistinguishable. Compare
brackets at t = 192 and t = 384 s to observe
neighboring cell withdrawal concomitant to the
expansion of the daughter cell contact. See also
Movie S7A.
(C–E) Apical top view of a MyoII:ChFP and Utr:GFP
labeled dividing cell (C) and the corresponding
kymographs along the daughter cell interface (D,
from yellow boxed region in C), and orthogonal to
the daughter cell interface (E, from red boxed
region in C). In C, arrowheads: apical Utr:GFP
accumulation upon midbody formation; arrows:
concentration of Utr:GFP around the midbody;
brackets: concentration of Utr:GFP at the daughter
cell interface. In E, brackets: progressive concen-
tration of Utr:GFP at the daughter cell interface and
the midbody. See Figure S3 for quantification of
MyoII:ChFP and Utr:GFP intensities along the
daughter cell interface. See also Movie S8.
(F and G) Apical top view of PH:ChFP labeled
neighboring cells (n) within a tissue ubiquitously
expressing Utr:GFP (n = 10) (F) and the corre-
sponding kymograph (G) generated from the yellow
boxed region in (F). In (F), arrowheads: Utr:GFP
accumulation in the dividing cell; arrow: concen-
tration of Utr:GFP at the daughter cell interface. In
(G), brackets: neighboring cell membrane; arrow:
Utr:GFP concentration at the interface. See also
Movie S7B.
Scale bars, 5 mm.
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Figure 5. The Midbody Can Act as a Cue to Orient the Apical Actin Accumulation
(A) Apical top view of aMyoII:ChFP andUtr:GFP expressing tissue. T = 0: time of laser ablation. Yellow dotted circles: ablated regions. Brackets: separation of the
juxtaposed membranes of the dividing cell upon ablation. Arrowheads: Utr:GFP accumulation and concentration at the daughter cell interface.
(B) Time-lapse images of dividing cells expressing MyoII:ChFP and Utr:GFP, showing the front view of the cytokinetic ring (see schematic on the left). Upper
panels: pupal dorsal thorax (notum). Lower panels: pupal wing (wing). Arrow: midbody. Arrowheads: Utr:GFP accumulation around the midbody.
(C and D) Plots of the mean MyoII:GFP intensity (C) and the lengths (D) of the apical (blue) and basal (red) domains of the contractile ring (average ± SD, n = 10) in
the pupal wing tissue. Apical and basal rings defined as in Figure 1B.
(E) Schematics of the orientation of the mitotic spindle in WT (top) and mudFo1205 (bottom) dividing cells. Black dotted lines: cell division plane.
(F) Time-lapse images showing the front view of the cytokinetic ring in a mudFo1205 cell expressing MyoII:ChFP and Utr:GFP. Arrows: midbody. Arrowheads:
Utr:GFP accumulation around the midbody.
Scale bars, 5 mm.
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the daughter cells.
Midbody Position as a Landmark for Actin Accumulation
at the New Interface
We first explored the mechanisms leading to actin enrichment
around the midbody and the apical daughter cell interface.
We first considered that the actin accumulation could be trig-
gered by the MyoII-dependent nonautonomous mechanism
juxtaposing the dividing cell membrane. However, laser abla-
tion of the regions of MyoII accumulation in both neighboring
cells, sufficient to prevent MyoII reaccumulation and mem-
brane juxtaposition (Figure 5A, brackets), did not prevent actin
polymerization at the time of midbody formation, nor its concen-
tration at the daughter cell interface (Figure 5A, arrowheads).264 Developmental Cell 24, 256–270, February 11, 2013 ª2013 ElsevThis indicates that membrane juxtaposition is not required
for actin polymerization and dynamics at the daughter cell
interface.
Because actin polymerization and accumulation is essentially
generated at themost apical part of the cells and surrounding the
midbody (Figure 5B, upper panels, arrowheads), we next consid-
ered three distinct forms of apical cues in the dividing cell during
cytokinesis: (1) the asymmetry in MyoII distribution in the
contractile ring during the asymmetric phase of cytokinesis, (2)
the apical-basal polarization of the dividing cell, and (3) the apical
midbody position.
Considering the initial asymmetry of MyoII distribution, we
investigated whether such asymmetry was a general property
of dividing epithelial cells. We found that, in the pupal wing
epithelial tissue, MyoII is homogenously distributed aroundier Inc.
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constriction is mostly symmetric, being equivalent in the basal
and apical parts of the ring (Figure 5D). In this tissue, the
dividing cells become partially extruded from the epithelium,
leading to the displacement of the geometrical center of the
dividing cell closer to the apical plane of the epithelium. Thus,
even though furrowing is almost symmetric, the midbody and
the actin accumulation are still generated in an apical position
with respect to the tissue, just below the site where the new
AJ forms (Figure 5B, lower panels). Furthermore, detailed anal-
ysis of AJ formation in the wing revealed that their formation
proceeds very similar to what is observed in the notum (not
shown). These results indicate that apical actin accumulation
is not dependent upon the initial asymmetric distribution of
MyoII in the contractile ring during the asymmetric phase of
cytokinesis.
To distinguish the roles of apical midbody position and apical-
basal polarity, we modulated the apical-basal position of the
midbody by mis-orienting the mitotic spindle using mud mutant
cells. Mis-oriented spindles generated midbodies that could be
found in more basal positions (Figures 5E and 5F, arrows).
When the midbody was basally displaced, Utr:GFP accumula-
tion was also displaced to a more basal position, always at the
site where the misplaced midbody formed (Figure 5F arrow-
heads). We therefore conclude that the midbody is sufficient to
generate an actin accumulation around itself, irrespective of its
apical-basal position in the cell, indicating that the midbody
can provide a positional and temporal cue for actin enrichment
at the new interface upon cell division.
Rac-Dependent Arp2/3 Activity Is Necessary in the
Dividing Cell for Actin Accumulation and to Control AJ
Geometry and Cellular Arrangement upon Division
We then investigated whether the actin accumulation plays a
role in AJ formation. We found that Arp3:GFP, a subunit of the
Arp2/3 complex, becomes localized around the midbody with
a dynamics that fully correlates with Utr:RFP dynamics (Fig-
ure 6A). We thus analyzed the function of two different subunits
of the Arp2/3 complex, Arp3 (Figure 6) and Arpc1 (not shown),
during cytokinesis. Loss of Arp2/3 activity did not impair cell
division, since all arpc1 or arp3mutant cells fully completed cyto-
kinesis. Dividing arp3 mutant cells were unable to generate a
robust actin accumulation at the daughter cell interface upon
midbody formation (Figures 6BandS4A; p < 33 104;Movie S9).
To analyze the role of Arp2/3 in AJ formation, we compared the
length of the junctions during cytokinesis in WT and arp3mutant
cells (Figures 6C–6H). In contrast to MyoII loss of function in the
neighboring cells, the length of the interface at the time of mid-
body formation was similar in WT and arp3mutant cells (Figures
6F and 6G, p = 0.094). Accordingly, MyoII accumulation in the
neighboring cell was not affected (Figure 6C, arrowheads). The
Arp3 loss of function was instead associated with the reduction
of junction length following midbody formation (Figure 6F),
leading to the formation of aberrantly small AJs between
daughter cells (Figures 6C, arrow; 6D, and 6H; p < 2.5 3 104).
Furthermore, 10% of the arp3mutant dividing cells (n = 40) failed
to form a contact between their daughters, which became sepa-
rated by the formation of an AJ between the neighboring cells
(Figure 6E). This is consistent with the notion that, in those cases,Developmneighboring cells failed to withdraw and remained inserted
between the daughter cells, leading to a cell rearrangement.
Importantly, Arp2/3 regulates the geometry of the interface inde-
pendently of E-Cad dynamics (Figures S4B and S4C). Further-
more, mutation of the three Drosophila Rac paralogs (rac1,
rac2 homozygous null and mtl heterozygous null mutant cells)
strongly reduced Arp3:GFP localization (Figure 6I) and actin
enrichment (Figure 6J and S4A; p < 5.4 3 104) at the daughter
cell interface, and also led to aberrant cell arrangements upon
division in 18% of the cases (n = 39, Figure 6K; Movie S10).
Taken together, these results uncover an Arp2/3 and Rac-
dependent autonomous mechanism that regulates the timing
of AJ formation, maintains its initial geometry and controls the
arrangement of the cells in the epithelial tissue upon cell division.
DISCUSSION
A Two-Tiered Mechanism Regulates AJ Formation in
Proliferative Epithelial Tissues
The proliferation of an epithelial tissue requires the formation of
new adhesive contacts upon cell division. We propose that
a two-tiered mechanism coordinates cytokinesis and AJ forma-
tion: (1) during symmetric ring ingression, a nonautonomous
activity of MyoII sets the initial geometry of the adhesive contact
by providing the cortical tension juxtaposing the dividing cell
membrane; and (2) upon midbody formation, Rac-dependent
Arp2/3 autonomous activity in the dividing cell maintains the
geometry of the new AJ and initiates E-Cad engagement con-
comitant to the withdrawal of the neighboring cell membranes
(Figure 7). Our findings highlight roles of MyoII contractility and
Arp2/3 branched actin polymerization during de novo AJ for-
mation whereby MyoII contractility and Arp2/3-dependent
branched actin polymerization are segregated in distinct cells,
act at different times and are associated with distinct functions.
A first feature of this two-tiered mechanism is that it relies on
an interplay between the dividing cell and its neighbors, suggest-
ing that cytokinesis should be viewed as a multicellular process
in epithelial tissues. A second feature is that the adhesiveness of
the epithelial tissue is likely maintained while new junctions are
added because the AJ between the daughter cells is built as
the membrane of the neighboring cells are withdrawn from the
daughter cell interface. By revealing the interplay between the
dividing cell and its neighbors, our work frames amodel coupling
cytokinesis and de novo AJ formation and it provides insights
into the mechanisms ensuring the preservation of the adhesive-
ness and the polarity of epithelial tissues during proliferation.
Roles ofMyoII Contractility andArp2/3-Dependent Actin
Polymerization during AJ Formation
Distinct and fundamental roles for Rok-dependent MyoII
contractility have been uncovered at AJs. In vitro models of AJ
formation have illustrated that Rok-dependent MyoII contractility
either inhibits or promotes AJ expansion depending on the cell
type (Vaezi et al., 2002; Yamada andNelson, 2007). In cell culture
models and in developing tissues, the stabilization and mainte-
nance of AJs require a fine regulation of Rok-dependent MyoII
contractility (Gloushankova et al., 1997; Sahai and Marshall,
2002; Ehrlich et al., 2002; Magie et al., 2002; Fox et al., 2005;
Zhang et al., 2005; Warner and Longmore, 2009; Simo˜es et al.,ental Cell 24, 256–270, February 11, 2013 ª2013 Elsevier Inc. 265
Figure 6. Rac and Arp2/3 Regulate the Actin
Accumulation and the Formation of a Long
Interface between the Daughter Cells
(A) Apical top view of aWT dividing cell expressing
Arp3:GFP and Utr:ChFP (white dotted contour).
(B) Apical top view of a arp3515FC dividing cell
(white dotted contour) expressing Utr:GFP. The
arp3515FC cell was identified by loss of nls:GFP
signal. Compare with the WT cell in A. See also
Figure S4A and Movie S9.
(C and D) Apical top view of a arp3515FC dividing
cell expressing E-Cad:GFP and MyoII:ChFP (C),
and the corresponding kymograph (D), generated
from the yellow boxed region in C. Arrowheads:
MyoII:ChFP accumulation in neighboring cells.
Asterisks: daughter cells. Arrow: daughter cell
interface.
(E) Apical top view of a arp3515FC cell after division
expressing E-Cad:GFP and MyoII:ChFP. Aster-
isks: daughter cells. Arrow: interface between
neighboring cells (n).
(F) Plot of the quantification of the length of the
prospective daughter cell interface during division
in WT dividing cells (average, blue solid line ± SD,
shaded domain, n = 32) and in arp3515FC mutant
dividing cells (average, red solid line ± SD, shaded
domain, n = 31).
(G and H) Histograms of the distributions of the
interface length at midbody formation (G) and of
the final AJ length between the daughter cells after
division (H), in WT (blue, average ± SD, n = 32) and
arp3515FC (red, average ± SD, n = 31) dividing cells.
At midbody formation, the length distributions of
WT versus arp3515FC are not statistically different
(G, p = 0.094). The distributions of the final AJ
length of WT versus arp3515FC are statistically
different (H, p < 2.5 3 104).
(I) Apical top view of a WT (upper panels) and
a rac1J11, rac2D,mtlD/+ (lower panels) dividing cell
(white contour) expressing Arp3:GFP. Arrow-
heads: Arp3:GFP accumulation near the daughter
cell interface. Arrow: Arp3:GFP accumulation at
the midbody. No accumulation is observed in the
rac1J11, rac2D, mtlD/+ cell (seven of seven cells).
(J) Apical top view of a rac1J11, rac2D, mtlD/+
dividing cell expressing Utr:GFP (white dotted
outline). Compare with the WT cell in A. See also
Figure S4A.
(K) Apical top view of a rac1J11, rac2D,
mtlD/+ dividing cell expressing E-Cad:GFP and
MyoII:ChFP. Arrowheads: MyoII:ChFP accumula-
tion in neighboring cells. Asterisks: daughter cells.
Arrows: interface between neighboring cells (n).
See also Movie S10.
Scale bars, 5 mm.
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Figure 7. Model for De Novo AJ Formation
during Cytokinesis
See discussion for details.
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tion and morphogenesis, Rok-dependent MyoII contractility is
an essential regulator of force transmission and junction remod-
eling (Papusheva and Heisenberg, 2010). Our findings uncover
a very distinct role of Rok-dependent MyoII contractility during
AJ formation. Here, MyoII is activated in the neighboring cells
and promotes a particular membrane arrangement in a finger-
like structure that sets the geometry of the new contact.
In vitro, E-Cad engagement triggers Arp2/3 activation, which
promotes additional lamellipodial protrusions leading to cell-
cell contact expansion (Nakagawa et al., 2001; Noren et al.,
2001; Betson et al., 2002; Verma et al., 2004; Yamazaki et al.,
2007; Yamada and Nelson, 2007; Perez et al., 2008). Thus, in
that case, the geometry of the new adhesive contact is progres-
sively defined. In contrast, our analysis reveals that the geometry
of the new interface between daughter cells is defined prior to
Arp2/3 activation. Furthermore, the mode of Arp2/3 activation
might be different, since the Arp2/3-dependent actin wave of
polymerization is initiated while the neighboring cell membranes
are still inserted in between the daughter cells. This suggests that
daughter cell-cell contact, and thus E-Cad engagement, might
not be the principal cue for Arp2/3 activation in this context.
Two additional results strengthen this proposition: (1) static
E-Cad clusters, a bona fide marker of E-Cad engagement in
both Drosophila epithelial tissues and in epithelial cells in culture
(Tepass and Hartenstein, 1994; Cavey et al., 2008; Yap et al.,
1997; Adams et al., 1998; Krendel and Bonder, 1999; Gavard
et al., 2004), are not observed prior to midbody formation
when Arp2/3 accumulation is first observed; and (2) upon
separation of the daughter cell membranes by laser ablation,
a robust wave of actin polymerization still takes place, despite
their distance. Although we cannot exclude that some E-Cad
engagement could occur near the midbody and trigger Arp2/3
actin polymerization, we favor that Arp2/3 activation relies onDevelopmental Cell 24, 256–270,different cues provided by the midbody.
As discussed below, we propose that
the coordination between AJ formation
and cytokinesis is regulated both by
mechanical and biochemical signals,
offering the prospect to understand how
mechanics and signaling can be tempo-
rally and spatially coordinated during
AJ formation.
Regulation of MyoII Contractility in
the Neighboring Cells during
Cytokinesis
We found that ingression of the cytoki-
netic ring is associated with the deforma-
tion of the neighboring cell membranes at
the edges of the furrow. Because adhe-
sive contacts are proposed to transmit
tensile forces at the cell cortex (Papu-sheva and Heisenberg, 2010), the contractile ring tensile force
is likely transmitted to the neighboring cells, thus causing a local
deformation of their adhesive contact. The membrane deforma-
tion of the neighboring cell is concomitant to a decrease in E-Cad
concentration at the region of deformation. These two processes
could participate in the biochemical transduction of themechan-
ical force associated with cytokinetic ring ingression and lead to
the Rok-dependent MyoII accumulation that is observed in the
neighboring cells. Accordingly, several studies have shown
that the E-Cad/catenin complex and its interactors can act as
a mechanical stress sensor to locally increase actin-myosin
contractility (for review Gomez et al., 2011).
Our work indicates the existence of a spatially and temporally
defined mechanical stress caused by cytokinesis in proliferative
epithelial tissues, and thus provides a model to analyze the me-
chanisms of tensile stress transmission at adhesive contacts and
its role during epithelial tissue development and homeostasis.
The Midbody as a Putative Signaling Center Defining
a Positional Landmark for AJ Formation
Most of the studies view the midbody as a scaffolding element
that stabilizes the intercellular bridge prior to abscission (for
review see Fededa and Gerlich, 2012). Our analyses reveal that
midbody formation is concomitant to the appearance of
a wave of actin polymerization that leads to an enrichment of
actin at the prospective interface between the daughter cells.
Although a more detailed analysis of actin dynamics will be
required, our data are consistent with the hypothesis that actin
accumulation at the daughter cell interface and the midbody
could result from an Arp2/3-dependent actin flow directed
toward the midbody.
Previous functions of Arp2/3 inmitosis include the formation of
MIDAS structures that are implicated in MyoII-independent
cytokinesis in Dictyostelium (Itoh and Yumura, 2007) and theFebruary 11, 2013 ª2013 Elsevier Inc. 267
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(Mitsushima et al., 2010). Actin flows participate in cell migration,
cytokinesis and AJ dynamics and are oriented by different
biomechanical cues, such as anisotropic distribution of GEFs
or of F-actin nucleators, as well as contractility gradients associ-
ated with anisotropic cortical tension (for review Levayer and
Lecuit, 2012). Some of these biomechanical cues are present
at the midbody. First, the RhoGEF and RacGEF Ect2/Pebble
(van Impel et al., 2009; Fededa and Gerlich, 2012) is ideally posi-
tioned at the midbody to generate such anisotropic Rac-depen-
dent gradient of actin polymerization. Second, Septins have
been shown to interact with the Arp2/3 complex and this interac-
tion could bias Arp2/3 localization toward themidbody (Nakahira
et al., 2010). Finally, the anisotropy in cortical tension due to the
constriction of the two daughter cells at the midbody may be
sufficient to orient the flow toward the daughter cell interface.
Together, our findings define a putative additional role of the
midbody in the orientation of an Arp2/3 and Rac-dependent
cortical actin flow. Accordingly, the comparison of cytokinesis
in the notum and the wing suggests that it is the apical posi-
tioning of the midbody rather than the asymmetric furrowing
per se that is a critical aspect of cytokinesis in epithelia, since:
(1) de novo AJ formation is initiated during the symmetric phase
of cytokinesis and (2) junction formation proceeds through
similar mechanisms in the wing and in the notum, irrespectively
of the asymmetry or symmetry of the initial furrowing phase.
Control of Cell Arrangement in Epithelial Tissues upon
Cell Division
The observation of dividing cells in multiple epithelial tissues
shows that daughter cells remain in contact upon division
(Knox and Brown, 2002; Baena-Lo´pez et al., 2005; Bo¨kel et al.,
2006; Gibson et al., 2006; Aigouy et al., 2010). Numerous
lineage-tracing experiments in proliferative epithelial tissues
show that small clones remain often compact (i.e., a group of
clonally related cells do not scatter), providing indirect evidence
for the formation of a contact between the daughter cells upon
division. Experimental and theoretical evidence show that this
property is essential in numerous contexts, ranging from tissue
architecture and planar polarization to cell fate specification
(Classen et al., 2005; Gibson et al., 2006; Farhadifar et al.,
2007; Aigouy et al., 2010). In asymmetric cell divisions, it is well
established that signaling between daughter cells is necessary
upon division for correct specification of the daughter cell fates,
in particular for the distinction between stem cell and non-stem-
cell progeny (for reviewKnoblich, 2010). Ourwork therefore char-
acterizes a central feature of cell division and provides the tools
to analyze the interplay between adhesive contact formation and
signaling in vivo, planar cell polarity aswell as tissue architecture.
We envision that differential regulation of the nonautonomous
and autonomous mechanisms offer the possibility to differen-
tially control the arrangement of cells and the signaling between
daughter cells during tissue development and homeostasis.
EXPERIMENTAL PROCEDURES
Fly Stocks, Genetics, and Molecular Biology
The stocks used are listed in Table S1. The Actin-Gal4 driver was used to
express the UAS constructs. Loss of function clones were generated by the
hs>FLP/FRT system (Xu and Rubin, 1993) Heat-shocks were performed on268 Developmental Cell 24, 256–270, February 11, 2013 ª2013 Elsevearly third instar larvae, 1 hr at 37C. The MyoII:GFP//MyoII:ChFP and
PH:GFP//PH:ChFP patches were generated by recombining the MyoII tagged
and the PH domain tagged transgenes on FRT40A and FRT80B chromo-
somes, respectively, to generate FLP mediated somatic clones. The UAS >
PH:ChFP patches were generated using an act>FRT-y+-FRT-Gal4 flip-
out driver. Description of the Ubi>PLCgPH:ChFP, Ubi>His2B:mRFP,
UAS>PLCgPH:ChFP, and UAS>Utr-ABD:RFP transgenes and additional
information are provided in Supplemental Experimental Procedures.
Time-Lapse Experiments and Laser Ablation
Pupaewere dissected, mounted and imaged as previously described (Se´galen
et al., 2010) with a Ropper spinning-disk microscope (Nikon) using the Meta-
Morph software (Molecular Devices). Details are provided in Supplemental
Experimental Procedures.
Laser ablations were performed using a 2-photon Mai-Tai laser (2W) at
800nm on a NLO LSM710 confocal microscope (Zeiss) through a 633 objec-
tive, using the Zen software (Zeiss). For the circular ablations, laser power was
set from 15% to 17%. For the experiments of local MyoII ablation, MyoII reac-
cumulation was observed when the laser power was set from 15% to 17%.
When the power was set between 18% and 19%, no reaccumulation was
observed.
Intensity and Length Quantifications
Measurement of MyoII:GFP intensity and contractile ring length were per-
formed using the ImageJ software (http://rsbweb.nih.gov/ij). The interface
length and E-Cad:GFP mean intensity values were extracted from watershed
segmented E-Cad:GFP movies, using a custom made segmentation software
based on Matlab (MathWorks) (Bosveld et al., 2012). From the beginning of
cytokinesis to the initiation of AJ formation (when the E-Cad:GFP signal was
absent or insufficient for segmentation), the prospective interface between
the daughter cells was manually added at each time point, along the cell
division plane. Interface length and E-Cad:GFP intensity were measured
from the resulting skeletons. The angles at the edges of the prospective
daughter cell interface were measured manually using the ImageJ software.
Additional details on intensity and length measurements are given in Supple-
mental Experimental Procedures. Statistical significance was assessed by
the Kolmogorov-Smirnov test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, one table, Supplemental
Experimental Procedures, and ten movies and can be found with this article
online at http://dx.doi.org/10.1016/j.devcel.2012.11.019.
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